Elliott, S. D., Maimaiti, Y. (2017) Reaction cycles for the atomic layer deposition (ALD) of metals are presented, based on the incomplete data that exist about their chemical mechanisms, particularly from density functional theory (DFT) calculations. ALD requires self-limiting adsorption of each precursor, which results from exhaustion of adsorbates from previous ALD pulses and possibly from inactivation of the substrate through adsorption itself. Where the latter reaction does not take place, an "abbreviated cycle" still gives self-limiting ALD, but at a much reduced rate of deposition. Here, for example, ALD growth rates are estimated for abbreviated cycles in H 2 -based ALD of metals. A wide variety of other processes for the ALD of metals are also outlined and then classified according to which a reagent supplies electrons for reduction of the metal. Detailed results on computing the mechanism of copper ALD by transmetallation are summarized and shown to be consistent with experimental growth rates. Potential routes to the ALD of other transition metals by using complexes of non-innocent diazadienyl ligands as metal sources are also evaluated using DFT. Published by AIP Publishing.
I. INTRODUCTION
Atomic layer deposition (ALD) is a special type of chemical vapor deposition (CVD) by which nanometer-thin films may be grown through the use of sequential, self-limiting reactions. 1, 2 The ALD technique is unrivalled in the precision with which film thickness can be controlled at the Å level, without sacrificing uniformity across metre-scale substrates or conformal coating of 3D features. There is much interest in depositing metal films by ALD. Emslie et al. 3 review the metals that are deposited through ALD or pulsed CVD and outline the importance of thin films of these metals in current and future technologies. Knisley et al. present chemical strategies for the deposition of the first row transition metals. 4 It can be seen that mainly the less electropositive transition metals have been successfully deposited so far.
ALD differs from CVD in that each gas-phase reagent ("precursor") is admitted individually into the reaction zone, with the aim of restricting reactions to the surface only. After transport to the substrate surface, the precursor should adsorb to the surface and react with other moieties already on the surface, generally producing volatile by-products. The defining characteristic of ALD is that, regardless of precursor exposure, at least one of these chemical growth steps is self-limiting under the selected conditions of temperature and pressure, and over the time scale of the experiment. This results in fine control of the amount of film deposited. After purging unreacted gas from the system, the second precursor (or "co-reagent") is admitted and may show similar self-limiting chemistry. a) Author to whom correspondence should be addressed. Electronic mail:
simon.elliott@tyndall.ie
Together, the two precursor pulses form one ALD cycle, which is then repeated so as to grow the desired thickness of the film. Chemical reactivity and inertness at surfaces are thus at the heart of how ALD works. We here report density functional theory (DFT) investigations of the atomic-scale mechanisms of metal ALD chemistry. We are particularly interested in why successful ALD precursors show self-limiting reactivity, and whether the underlying mechanisms can be grouped into classes.
To discuss self-limiting ALD chemistry, it is useful to first consider the prototypical case of oxide ALD: the deposition of Al 2 O 3 from Al(CH 3 ) 3 and H 2 O. 5 Figure 1 illustrates the two distinct self-limiting processes that are thought to occur during each precursor pulse in steady-state ALD. In terms of adsorption, Al(CH 3 ) 3 behaves as a strong Lewis acid 6 and therefore, in pulse 1, it adsorbs onto the Lewis basic O sites of the OH-terminated surface, with elimination of ligands as a CH 4 by-product, until protons from the surface OH are exhausted (step 1a). This reaction thus self-limits as a result of the fixed coverage of Brønsted acidic H + in surface OH groups from step 2b. After this, Al(CH 3 ) 3 can still adsorb, without elimination of CH 4 (step 1b), until adsorption onto basic surface sites is no longer possible. The adsorption limit could be the result of steric blocking or of electronic deactivation, both of which can affect Lewis adduct formation. 7 The surface is then saturated with a monolayer of Lewis acidic Al(CH 3 ) and Al(CH 3 ) 2 fragments, and is inert towards further adsorption of Al(CH 3 ) 3 . From this viewpoint, we explain the self-limiting nature of ALD by appealing to the saturation of a particular gas-surface chemistry, rather than specifically to surface crowding by adsorbed ligands. On the other hand, this acidic surface is highly reactive towards a Lewis base like H 2 
FIG. 1.
Schematic ALD cycle at steady state for alumina from trimethylaluminium (pulse 1, right hand side) and water (pulse 2, left hand side) by acid-base chemistry. "s" refers to the surface and "(g)" to the gas phase. Each pulse is conceptually divided into two steps.
Step a shows precursor adsorption that leads to elimination of ligand adducts, until the fragments from the previous pulse are exhausted.
Step b shows continued precursor adsorption without elimination, which leads to saturation of the surface with fragments of this precursor.
when pulse 2 begins. Complementary dissociative adsorption and Brønsted elimination reactions can occur until the methyl fragments are exhausted (step 2a), followed by dissociative chemisorption only (step 2b), until the surface becomes too basic for any more H 2 O to stick. (Physisorption via H-bonding may occur, but is less likely to lead to oxide growth, as discussed in Reference 8.) We note that steps a and b probably take place simultaneously in each pulse, depending on their kinetics relative to surface diffusion; they are shown separately in Figure 1 so as to emphasize that each, separately, can be selflimiting. In this ideal picture, the overall Al 2 O 3 growth per cycle can be calculated from the amount of each precursor adsorbed, or of by-product eliminated, or from the saturating coverages.
In this paper, we consider whether similar cyclic mechanisms can account for self-limiting reactions in metal ALD and what growth rates can be expected on the basis of saturating coverages. To do this, we review what is known about the mechanisms of metal ALD from atomic-scale calculations, and also present new computed results on growth rate and noninnocent behavior. This allows us to propose a classification of metal ALD processes according to the role of each precursor in the redox process.
Metal-organic complexes are used as metal sources in CVD and ALD because the ligands confer volatility at low temperature. Most commonly, they formally comprise a metal cation surrounded by anionic ligands, so that reduction of the metal center is required for deposition of a metallic film. Electrons are thus the "co-reagents" that combine with the metal precursor to yield the target film. Consequently, some processes use reducing agents as the 2nd precursor (Section III). A major question is then how ligands may be cleanly eliminated, and so we will consider the possibility of some side-reactions that give impurities, such as carbon, or even undesired products, such as metal oxide thin films. However, it should be stressed that many more decomposition reactions exist than can be plausibly computed at the requisite level of accuracy.
Alternatively, the ligands of the metal complex can themselves be the source of electrons, either through decomposition reactions or through variation in their oxidation state (ligands that show variable oxidation states are said to behave "non-innocently"). 9 In such cases, the 1st (metal) precursor is metastable against reduction and oxidation, and the function of the 2nd (co-reagent) precursor is to trigger the redox process (Section IV). Rather counter-intuitively, oxidizing agents may be used to fulfil the co-reagent role (as in the case of noble metal ALD), which again raises the possibility of depositing an oxide rather than metal.
Our overall goal is to find out whether these two approaches towards redox-based ALD, delivering electrons either from co-reagent or from metastable precursor, are selflimiting. For either source of electrons, the self-limiting nature of ALD ultimately comes down to establishing conditions where precursor adsorption is self-limiting. We therefore begin by examining precursor adsorption onto metal films during metal ALD (Section II).
II. REDOX ADSORPTION OF METAL PRECURSOR
As noted in Section I, oxide ALD is based on adsorption of a Lewis acidic metal precursor onto Lewis basic surface sites, which enhances the reactivity of the precursor ligands towards subsequent steps. The same Lewis acidic metal precursors are often used for metal ALD, and so in this section we consider whether similar adsorption reactions take place, and what happens to the ligands. We use the example of Cu ALD to illustrate the key concepts. Metal acetylacetonates are frequently used as the precursor for ALD, CVD, and atomic layer etching processes, [10] [11] [12] [13] and copper(ii) acetylacetonate [Cu(acac) 2 ] has been mainly used in plasma assisted ALD processes to deposit metallic copper and copper oxide. For instance, Wu and Eisenbraun deposited copper thin film on a Ru substrate using Cu(acac) 2 and H 2 plasmas. 14 Recently, Hu et al. studied the surface chemistry of copper metal and copper oxide ALD from Cu(acac) 2 and different co-reagents (H 2 , atomic H and H 2 O) using periodic DFT and reactive molecular dynamics. 15 The acac ligand remained intact when the adsorbed precursor was exposed to most coreagents, but atomic H caused the Cu− −O and then C− −O bonds to break so as to produce H 2 O along with ethane, acetone, and methane.
Here, we investigate the effect of the Cu surface during reductive decomposition of Cu(acac) 2 via DFT calculations of the adsorption of Cu(acac) 2 onto a Cu(111) surface, as a model for step 1b of the ALD process. Details of the method are given in the supplementary material. Figure 2 shows the optimum structure for molecular adsorption and compares it with that previously computed for Cu(dmap) 2 the finding of Hu et al. that chemisorbed Cu(acac) 2 may be reduced in this fashion. Thermal decomposition may therefore, in the absence of H, lead to the deposition of CuO or Cu 2 O rather than Cu metal. Consistent with this, thermal ALD of copper using Cu(acac) 2 has been reported with a threestep process which involves the deposition of the metal oxide and reduction to metal. 16 Ma and Zaera have detected a range of decomposition products when Cu(acac) 2 adsorbs: acetylacetone, 3-oxobutanal, Cu(acac)H, acetone, H 2 , and CO. 17 DFT calculations by Hu et al. showed that Cu(acac) 2 tends to decompose on the Ta(110) surface. 18 Machado et al. 19 have computed that hfac and tmvs ligands decompose on Ta surfaces, leading to deposition of impure Cu, and suggest solving the problem by passivation with a surface nitride.
This may be contrasted with the adsorption of Cu(dmap) 2 ( Figure 2(a) ). It has been found that the adsorption energies and geometries depend on the roughness of the surface and on the method to treat the van der Waals interaction in DFT. 20 Strong distortion of the molecule and cleavage of Cu− −N bonds is predicted in the chemisorbed structures, which allows these parts of the ligand to lift off the surface and avoid Cu− −C bonding, but also become reactive towards the co-reagent. The molecule gains linear O− −Cu− −O bonding and this is where charge redistribution with the surface mainly occurs. Bader charge analysis shows that electrons are donated from the surface to the molecule in the chemisorbed structures, so that the Cu center in the molecule is partially reduced and the surface is partially oxidized. Such reduction of the precursor to Ti 3+ has also been observed by XPS of TiCl 4 adsorbing onto metal surfaces. 21 The same redox behavior is computed to occur during the adsorption of other Cu(ii) precursors based on pyrrolylaldehyde N-isopropyl-2-pyrrolylaldiminate and 4N-(ethylamino)pent-3-en-2-onate ligands, as well as acac and dmap. 22 Charge is delocalized between the Cu precursor and the bare copper surface, indicating metallic bonding as the precursor densifies to the surface. It is computed that adsorption is stronger for those precursors with less steric hindrance, flexible ligands, and a planar geometry, because this allows access to surface atoms and the formation of strong metallic bonds. Ligands may dissociate from the adsorbate complex and bond to surface atoms, thus formally oxidizing them to Cu(i). Ligands bound to a layer of Cu(i) atoms are thus predicted to cover the surface after the Cu precursor pulse. Similar ligand dissociation reactions are linked to high rates of metal ALD in the case of cyclopentadienyl-based Ru precursors. 23 We thus get a picture of metal precursors adsorbing onto the electron-rich metallic surface during step 1b of growth, with the valence electronic states from the substrate extending over the adsorbate metal atoms, and ligands being transferred to substrate atoms. The net effect is partial oxidation of substrate atoms and reduction of the adsorbate metal centers. The substrate will therefore become saturated with respect to adsorption when its metallicity is exhausted, either through oxidation of surface atoms by the adsorbing metal cation or through steric blocking by redox-inert ligands. Ligands that are redox-active and decompose may lead to other products (e.g., copper oxide).
We therefore expect that electron-rich surface sites are required for adsorption: metals, suboxides, or reducing agents like the hydride anion. This is why the ALD of Co metal from Co(allyl) (CO) 3 and dimethylhydrazine (H 2 NNMe 2 ) is found to proceed selectively on a H-terminated Si surface rather than on OH-terminated SiO 2 . 24 DFT simulations show that the mechanism involves donation of a H atom (not H + ) from the substrate to Co and confirm that this nucleation reaction is thermodynamically favored on Si− −H and hindered on SiO 2 − −OH, reflecting the different H-donor capabilities of these surfaces.
III. CO-REAGENTS AS REDUCING AGENTS
Having established that, at the end of the 1st precursor pulse, pre-existing metal atoms and newly adsorbed metal atoms on the surface are covered with inert ligands and partially oxidized (Section II), it is logical to follow this with a reducing agent as the 2nd precursor, which is the subject of this section. The reducing co-reagent should be strong enough when compared to the reduction potential for generating the target metal from the oxidized surface layer, which may not be the same as the bulk reduction potential. 25 In addition, the remaining ligands should be volatilized by the in situ generation of co-reagents such as protons. Clearly, the reducing co-reagent cannot directly and cleanly oxidize an anionic ligand into a single neutral by-product, but may cause ligand decomposition, as discussed for H radicals with acac in Section II. The alternative approach that exploits oxidisable ligands in the 1st precursor is presented in Section IV. A comprehensive discussion of the main families of reducing agents is given by Emslie et al., 3 namely hydrogen gas, main group hydrides, amines or hydrazines, Zn metal, organometallic complexes, and organic molecules (formaldehyde, glyoxylic acid, formic acid, and alcohols). We select two classes of reducing agents for consideration here: hydrogen and organometallic complexes.
A. Hydrogen as a reducing co-reagent
Hydrogen (H 2 ) can be viewed formally as both a proton donor and hydride donor and so can in principle be used to both eliminate surface-bound ligands (X in Figure 3 ) and reduce the metal center (step 2a in Figure 3 ). An alternative description of this chemistry, which Zaera suggests is more appropriate for redox-based ALD, is reductive elimination of ligands by hydrogenation, 26 surf-
Here, HX may be as simple as a protonated ligand (such as CH 4 ) or may stand for an entire range of reduced by-products.
FIG. 3.
The schematic mechanistic cycle for a co-reagent as the reducing agent. MX n is the metal precursor (pulse 1) and (Y + e ) symbolizes a reducing co-reagent (pulse 2); for example, if Y = H + , then H = (Y + e ) is a hydrogen radical or half of a H 2 molecule. "s" refers to the surface and "(g)" to the gas phase. The dashed arrows indicate uncertainty in steps 2b and 1a and a cycle without these steps is termed "abbreviated."
In either case, this may involve the dissociation of hydrogen gas to yield atomic radicals or (effectively) the hydride anion, and this limits its use to high temperature or plasma ALD processes, or to substrates that catalyze dissociation. 27 (Molecular H 2 can, however, be used to reduce oxide-covered surfaces, where these are generated as intermediates on the way to metal ALD.) The reactions of adsorbed H atoms with precursor fragments for Cu ALD were computed in one of the first theoretical studies of any ALD mechanism. 28 In those cases where a hydride of the target metal is stable, then hydrogen can continue to react and saturate the surface as a hydride (step 2b in Figure 3 ), which can then go on to reduce the incoming metal precursor in the next cycle. However, not all metals form stable hydrides and so, in general, the hydrogen pulse will terminate when all ligands are eliminated and the surface is entirely reduced to a metal. This means that steps 2b and 1a in Figure 3 will not occur and that the next ALD cycle will begin with molecular or dissociative adsorption of the metal precursor onto the bare surface (step 1b, Section II). (Incidentally, such a bare metal surface is expected to be highly sensitive to gas-phase impurities in the reactor, especially oxygen.) We refer to this as an "abbreviated cycle." Although only one ligand saturates the surface in the abbreviated cycle, the overall growth process is still self-limiting with respect to both precursors, and is therefore a valid form of ALD.
We now consider what ALD growth rate can be expected for the abbreviated mechanism, using Cu(acac) 2 + H 2 as an example. The Cu(acac) 2 molecule is computed to chemisorb in a near-planar geometry onto smooth Cu surfaces (Figure 2(b) ), covering about 16 Cu atoms of the surface (0.8 nm 2 ). If the acac ligands do not react further in step 1b, then the maximum coverage of such molecules on a surface at the end of step 1b is 1/16 monolayer. Each molecule contains one Cu atom that can contribute to the growth of metallic Cu when hydrogen is introduced in step 2. Bulk layers of Cu are 2.1 Å thick, so that adding 1/16 of a monolayer of Cu in each ALD cycle corresponds to a growth rate of 0.13 Å/cycle.
Reorientation of ligands as they migrate to the surface may allow closer packing and a higher growth rate, while imperfect packing of adsorbates may give a lower growth rate. We therefore estimate that an error margin of ±25% should be applied to the predicted growth rate. The process is limited by the coverage of ligands X, and so the growth rate of M scales inversely with the number of ligands delivered per metal cation, i.e., with the valence of the metal cation. The resulting predictions for maximum growth rates based on these assumptions are given in Table I , along with some cases where the measured growth rates agree reasonably well. Using the correct interlayer spacing for different metals might improve the agreement. It is striking that the predicted growth rates are so low, reflecting the inefficiency of the abbreviated mechanism. As is shown in later parts of this paper, growth rates higher than these limits may indicate that an ALD mechanism with a complete (not abbreviated) cycle is operating. Alternatively, higher rates may signal that reactions are not perfectly self-limiting, which is often described generically as a "CVD component" to growth.
Like hydride, formate can be a source of electrons in metal ALD, as in the three-step ALD process published by Knisley et al. involving the reaction of Cu(dmap) 2 , HCOOH, and N 2 H 4 . 31 To investigate the mechanism, we suppose that hydrazine dissociates into an NH 2 radical in the proximity of an adsorbed formate anion. (We have identified various routes towards the production of reactive NH 2 , but have not calculated the activation energies that could reveal which route predominates, or whether side-reactions prevent NH 2 forming at all.) The calculations show that abstraction of H from the formate anion by NH 2 is barrierless and leads to spontaneous decomposition into volatile by-products according to NH 2 + HCOO → NH 3 + [COO ] → NH 3(g) + CO 2(g) + e , with an electron donated directly to the Cu surface as the by-products desorb. 32 We find therefore that hydrazine partially oxidizes formate, which through its complete decomposition to CO 2 reduces Cu(i) to Cu 0 . This illustrates that it is not always straightforward to determine the source of electrons in metal ALD.
B. Ligand from organometallic co-reagent as the reducing agent
Having discussed H 2 as a source of the hydride anion in Sec. III A, we now consider volatile reducing co-reagents where hydride is bound to a metal or semi-metal center: hydrosilanes, hydroboranes, and hydroalanes. An advantage of hydride-based reagents is that, after ligands have been eliminated, these reagents should continue to adsorb and produce a hydride-covered surface (step 2b), which means that the ALD growth rate should be much higher than for the abbreviated cycle of Figure 3 . Indeed, the remarkably high growth rate of 1 monolayer/cycle (2.5 Å/cycle) is obtained for probably the best-known such ALD scheme, and also one of the first singleelement ALD processes, namely the deposition of tungsten from disilane and WF 6 . 33 The reactivity of the Si− −H surface towards metal ALD was mentioned in Section II.
In a similar vein, many metal alkyls are also strong reducing agents that are volatile. For instance, trimethylaluminium can, through its ligands, reduce oxide substrates in a process known as "clean-up." 34 This reaction assumes that there is no change in oxidation state for the ligands X and co-reagent metal Zn, and that the Et ligands become effective reducing agents when they are exchanged onto copper. In order to determine the step-by-step mechanism and possible side-reactions, we carried out DFT calculations, both a wide screening of many ligands and their intermediates, 37 and a detailed consideration of the kinetics of surface reactions 38 at various coverages. 39 We were particularly interested in finding out how the identity of ligand X affects the process, which species saturate the surface, and why co-deposition of Zn is observed to take place.
We found that the order in which surface reactions take place depends on the coverage of ligands on the surface. This is because activation energies are strongly affected by the local environment around a reaction site on the surface. For instance, when ZnEt 2 adsorbs onto a surface crowded with CuX fragments, reactions leading to direct desorption of C 4 H 10 are facilitated by the surrounding ligands, which leads to one reaction mechanism. On the other hand, a less-crowded surface favours migration of Et groups to the surface and ultimately desorption of C 4 H 10 from Cu, i.e., a different reaction mechanism. During both mechanisms, ligand diffusion and reordering are generally endothermic processes, which may result in residual ligands blocking surface sites, and cause residual Zn to be reduced and incorporated as an impurity.
In general, the computed data support the overall reaction scheme proposed above. 36 Figure 4 is the cycle of ALD half-reactions that we have determined from the calculations by excluding reaction steps and intermediates that were computed to be too high in energy. It shows that Et groups saturate the surface at the end of the ZnEt 2 pulse and thus store electrons on the surface (step 2b). Each Cu 0 atom deposited in step 1a is the result of the reductive elimination of two Et groups as butane. Because of the instability of Cu− −C bonds, the activation energy for butane formation is lowest when two Et groups have migrated to a single Cu atom,
The reaction is therefore limited by the coverage of Et groups at the end of step 2b, which we have estimated 39 at four Et groups per (6 × 6) simulation cell, meaning 2 Cu atoms are deposited per cell. Further adsorption of Cu(dmap) 2 is possible in step 1b (for reduction to Cu 0 in step 2a), limited by the availability of sufficiently large segments of bare Cu. Our calculations show that adsorption of one Cu(dmap) 2 molecule per (6 × 6) cell blocks further adsorption, and this gives a reasonable estimate for the amount of Cu deposited in steps 1b and 2a. This is much less than the contribution to Cu deposition from steps 2b + 1a. The total amount deposited per cycle is therefore three Cu atoms per (6 × 6) cell, or 3/36 of a monolayer. Since the height of one monolayer of crystalline Cu in the (111) direction is 2.10 Å in experiment, the predicted growth rate is 3/36 of this, i.e., 0.18 Å/cycle. This agrees remarkably well with the experimental growth rate of 0.2 Å/cycle, 21 illustrating that the proposed ALD cycle can account for the experimental growth rate. This is 50% greater than the estimate for abbreviated ALD cycles (Table I , Section II), mostly because of the high coverage of small Et groups storing electrons in step 2b. If metal surfaces can be saturated with even smaller electron sources, such as hydride anions, the metal ALD process is expected to be even more efficient, yielding ALD growth rates that are a multiple of those predicted for the abbreviated cycle. This analysis, therefore, in no way proves that the computed mechanism is correct. However, it does give an indication of how the ALD growth rate is affected by coverages of particular surface intermediates.
C. Metal from organometallic co-reagent as reducing agent
As noted in Sec. III B, a serious problem with transmetallation is the side reaction of co-deposition of Zn from the co-reagent, because Zn 2+ is reducible. An alternative approach is to use a co-reagent metal M 2 that is oxidisable, not reducible, as the reducing co-reagent, along with redox-inert ligands. Such a co-reagent can eliminate ligands from the surface and simultaneously supply electrons for the reduction of the target metal. The by-product complex should be volatile. The desired reaction scheme is
Y = = Cp was chosen as a spectator ligand that is usually inert, minimising the danger of C incorporation via ligand decomposition, and low-valent transition metal cations were considered for M 2 . Redox and desorption energetics from quantum chemical calculations were then used to evaluate the most promising choice of oxidisable metal in a metallocene M 2 Cp m . 40 The choice of M 2 was found to be the major factor dictating the energetics, with a secondary effect visible due to the identity of the ligands X on the metal precursor that should be transferred to M 2 . For the example of Cu deposition, vanadocene [VCp 2 ] was computed to perform best as reducing co-reagent, either stripping oxide or sulfide from a surface, or accepting ligands in the reaction proposed above
Since vanadocene can be expected to adsorb to a metal surface, steps 2b + 1a of the ALD cycle can be expected to take place, ensuring a high growth rate, limited by the packing of Cp ligands. Experiments in MeOH solution at room temperature demonstrated that Cu metal was deposited by the action of vanadocene on a Cu precursor. 40 Vanadocene may therefore show promise as a gas-phase reducing agent in low-temperature ALD of Cu metal.
IV. LIGANDS AS REDUCING AGENTS
In this section, we compare various strategies for metal ALD that are all based on one precursor as the source of both metal and electrons, with the electrons originating in the ligands. Such a "single-source" precursor must be metastable against intramolecular redox, being synthesized, stored, and delivered to the reactor intact, but with electron transfer then triggered by reaction with the co-reagent or its fragments at the surface. We identify three cases: (A) release of electrons from the ligands when they bond with the co-reagent; (B) transient generation of an unstable compound at the surface, such as a metal oxide or metal nitride that is itself reducible under the action of the ligands; (C) zero-valent or otherwise "non-innocent" metal precursors.
A. Ligand-ligand coupling to reduce metal
In this case, the function of the 2nd precursor M 2 Y n is to supply a redox inert bonding partner Y , which, through to bonding to X, disrupts its electronic structure (formally X → X + + 2e ) and releases two electrons for the reduction of M, If the by-product XY is volatile, then it is likely that M 2 will be reduced and co-deposited, and therefore ALD of pure M may be guaranteed by choosing M 2 = = M. The likely ALD cycle is illustrated in Figure 5 . Tris(trialkylsilyl)antimony [(R 3 Si) 3 Sb, R = = Et] was used by Pore et al. as a platform for ALD of elemental antimony (using SbCl 3 as co-reagent) and its compounds (halides of Ge, Te, Ga, or Al as co-reagents). 41 Though antimony is not strictly a metal, the scheme fits well into this section, since formal electron counting suggests that electrons are transferred to Sb from the silyl ligands when the latter bond to the halide and desorb, a reaction termed "dehalosilylation." A conceptually similar reaction was investigated in the solution phase for the deposition of Zn metal from the bishypersilyl complex Zn(Si(SiMe 3 ) 3 ) 2 and zinc halides, with DFT calculations revealing that reduction takes place through the disruption of high-lying Zn− −Si bonding orbitals. 42 Based on this understanding, it was predicted that more volatile non-halide co-reagents, such as ZnEt 2 , should also be effective,
Using a hydrido complex of the target metal as precursor is another way to realize this type of ALD scheme, since the hydride will release electrons when it protonates a redox-inert ligand of the co-reagent. The difficulty lies in stabilizing the metal hydride. We therefore used DFT calculations to propose copper carbene hydride as a precursor for Cu ALD along with any other Cu precursor such as Cu(dmap) 2 . 43 The advantage of using two Cu precursors is that co-deposition of a second metal cannot occur.
B. Metal ALD from reducible oxides
By definition, noble metals resist oxidation and their oxides are easily reducible. It was nevertheless surprising when Aaltonen et al. discovered that oxygen, oxygen plasma, or ozone could be used as a co-reagent for the ALD of noble metals like Ru 44 and Pt. 45 The likely mechanism is illustrated in Figure 6 . The crucial feature of this mechanism is that combustion of hydrocarbon-based ligands by the oxygen co-reagent not only produces by-products (such as CO, CO 2 , and H 2 O) that are volatile, but also transient hydroxyl groups on the surface, which can undergo Brønsted-type elimination of a further ligand (as detected in situ 46, 47 ) or water from the surface (step 2a). Combustion therefore causes each ligand to release one electron for later reduction of the metal. Further oxidation of the surface is self-limiting (step 2b), with the stable thickness of surface oxide characteristic of the particular noble metal. The surface oxide is reducible, and oxidizes the ligands of incoming metal precursors in the next pulse (step 1a), again producing transient OH, electrons, and volatile combustion products. The key process that supplies noble metal atoms (the growth reaction) may thus be described as redox decomposition of the precursor by the metal oxide. 48 After the supply of surface oxygen is exhausted, further adsorption of the metal precursor is probably possible, until the surface is saturated (step 1b).
There are strong parallels with redox reactions in heterogeneous catalysis: while 3 ML is cycled through Ru ii /Ru 0 in each ALD cycle, only 5% of this is deposited as Ru 0 , corresponding to the release of one electron from each combusted ligand in the Ru precursor adsorbing at an effective coverage of 0.15 ML. Partial oxidation may account for high growth rates in some experiments (as much as 1.2 or 1.7 Å/cycle). 48 The end of step 1b during noble metal ALD is probably where the nature of the intermediates saturating the surface is least well characterized. Alkyl ligands are a part of many organometallic precursors for metal ALD, and so it is useful to understand their breakdown on metal substrates, which is also important for a variety of catalytic processes. To this end, Ande et al. used DFT to study all possible elementary reactions involved in the interaction of CH 4 , C 2 H 6 , C 2 H 4 , and C 2 H 2 with the Ru(0001) surface, and related that to experimental surface science studies. 49 The most stable adsorbed fragments were found to be Ru− −CCH 3 , Ru− −CCH 2 , Ru− −CCH, and Ru− −CH, which shows that dehydrogenation is thermodynamically favorable, in agreement with previous experiments. This suggests that the Ru surface becomes saturated with a range of carbonaceous fragments. Dehydrogenation is also observed during ALD processes using copper and manganese acetamidinate precursors on metal surfaces, leading to bond scission within the acetamidinate ligands. 50 Recently, a three-step process for the ALD of Au from (Me 3 P)Au(Me) 3 + O 2 -plasma + H 2 O has been reported, with the role of H 2 O apparently being to remove the P 2 O 5 codeposit as volatile H 3 PO 4 and thus facilitate the auto-reduction of gold oxide to the metal. 51 Since this means a bare metallic surface being produced during the ALD cycle, it is likely that this follows an abbreviated version of Figure 6 , with a correspondingly lower growth rate.
C. Towards zero-valent metal precursors
Ruthenium precursors Ru(EtPh) (R-CHD) with CHD = cyclohexadiene and R = = H or R = = Et have been described as zero-valent and have been used in conjunction with O 2 for the ALD of noble metals. 52 While questions remain over the state of the CHD ligand when coordinated to Ru, the possibility exists that CHD can be eliminated as a neutral molecule, leaving zero-valent Ru. Zero-valent metal precursors would be attractive for ALD. Since the Ru source would not require reduction, the role of the co-reagent would be to remove ligands via oxidation, similar to O 2 -plasma based ALD of oxides. The oxidation of neutral ligands would not produce transient surface-OH. Growth rates would depend on the coverage of ligands at saturation (step 1b) and on the oxidative capacity of the oxidized surface (step 2b).
Non-innocent ligands are a potential route towards supplying zero-valent metals. Here we present a computational investigation of the potential reactivity of diazadienyl (DAD) complexes of the first row transition metals as a function of identity of the metal and bulk of the ligand. Figure 7 shows the atomic structure of the diazadienyl molecules denoted R 2 DAD, where R = = t Bu for 1,4-di-tertbutyl-1,3-diazabutadienyl or R = = Me for 1,4-dimethyl-1,3-diazabutadienyl. DAD ligands are also known as α-diimines and are analogues of dienes such as CHD. DAD ligands are redox non-innocent, as they can adopt different charge states. Assigning the oxidation states to metal and ligand in a DAD complex is therefore non-trivial. However, it is possible that this non-innocent behavior could be exploited for CVD or ALD, by exchanging the DAD ligands with neutral ligands that force the metal center into zero oxidation state, leading to the deposition of metal.
Knisley et al. have described the synthesis, volatility, and thermal stability of DAD complexes of the first row transition metals Cr, Mn, Fe, Co, and Ni, with a view to their use in CVD or ALD. 53 The patent literature includes proposals for the use of Ti diazadienyls as precursors for TiO 2 ALD 54 and Cu diazadienyls for Cu ALD. 55 thermal ALD of Co metal using formic acid (HCOOH) 56 or amines (RNH 2 ) 57 as co-reagents. They suggest that the mechanism involves protonation and/or ligand exchange to give a Co complex that then decomposes into Co metal. By contrast, Ni diazadienyl and formic acid apparently yielded Ni oxide, which required a third reagent for reduction to Ni metal. 56 We therefore compute the energetics of exchanging DAD ligands with amines.
We have first computed various charge states of the isolated DAD molecules in the gas-phase using DFT with the PBE0 functional and TZVPP basis set (see the supplementary material). This shows that the neutral and monoanionic forms are close in energy (first electron affinity of tBu 2 DAD is just 18 kJ/mol), while the dianionic form is substantially less stable (second electron affinity is +454 kJ/mol). Thus, naively considering charge alone, we can propose three possible low-energy redox states for bis-DAD complexes: M II (DAD ) 2 or M I (DAD ) (DAD 0 ) or M 0 (DAD 0 ) 2 , bearing in mind that complexes with the less stable DAD 2 dianion may also occur. The calculations also confirm that the bond lengths in the N− −C− −C− −N backbone are sensitive to the redox charge state (computed |C− −C| = 148.3 pm, 141.4 pm, and 137.8 pm for neutral, monoanionic, and dianionic forms of free t Bu 2 DAD, respectively). The C− −C bond length can therefore be used to monitor the charge state of the ligand, as previously noted. 58 It is important to consider electronic spin for a complete description of bonding in DAD complexes. As an example, consider the M ii (DAD ) 2 case. When singly charged, the DAD ligand is a radical monoanion with one unpaired electron in an N− −C− −C− −N π orbital and an electronic spin of s = ±1/2. The combined system of two ligands is therefore a biradical triplet with combined ligand spin S L = 1, which would normally be very reactive. In a transition metal complex M(DAD) 2 however, these unpaired electrons from the ligand system can couple with the unpaired d electrons of the metal centre (which can have various spin values, S M ), to give a total spin S tot = S L + S M . The coupling can be ferromagnetic, giving a complex with high total spin S tot , or antiferromagnetic with low total spin S tot , or in-between. This magnetic coupling can be crucial for the stability of the complexes.
The experimentally measured 53 magnetic moments of the t Bu 2 DAD complexes of Cr, Mn, Fe, Co, and Ni are consistent with antiferromagnetic coupling between ligands and metal in the complex, meaning that the lowest-spin state is obtained. In a simplistic sense, the spin-up electrons on ligand π orbitals can be understood as pairing up with some of the spin-down electrons on M:d orbitals. This is a magnetic interaction and should not be interpreted as an electron pair bond between ligands and metal (which would be described as M 0 (DAD 0 ) 2 ). In fact, S tot of the complex does not uniquely reveal the oxidation states of the constituent metal and ligand ions. Indeed the true situation is even more complex: antiferromagnetic coupling gives a multi-reference ground state, which cannot adequately be described by single electrons in molecular orbitals. Nevertheless, single-reference DFT calculations have been used to give useful approximate information about DAD complexes 59 and here we present DFT results on the oxidation state, structure, and reactivity of these complexes.
The computed structures lead us to assign the M(iii) oxidation state to the Ti, V, and Cr complexes because of back-bonding from occupied M:d orbitals into empty ligand π orbitals. The Mn, Fe, Co, and Ni diazadienyls have very similar structure ( Figure 7 ) and are assigned the M(ii) state (see the supplementary material). Cu(DAD) 2 has too few unpaired electrons on the metal center for antiferromagnetic coupling, and so is computed to be particularly unstable.
As can be seen in Figure 8 , the bulky bidentate t Bu 2 DAD ligands are constrained to coordinating to the metal center in a distorted tetrahedral arrangement. We therefore investigated whether this steric constraint could be masking a Jahn-Teller distortion, via evaluating the energy difference for the replacement of t Bu with Me groups in the DAD ligands, i.e., M( t Bu 2 DAD) 2 + 2(Me 2 DAD) → M(Me 2 DAD) 2 + 2( t Bu 2 DAD). We found that in Cr( t Bu 2 DAD) 2 the ligating N atoms are disposed about Cr(iii) in a distorted D 2d tetrahedron, but replacement of t Bu with Me releases 58 kJ/mol of strain energy and produces a near-planar Cr(Me 2 DAD) 2 complex. Similar frustration of Jahn-Teller distortion is evident in the t Bu 2 DAD complexes of Ni(ii) (86 kJ/mol) and Cu(ii) (23 kJ/mol) and it may be possible to exploit this built-in strain by favoring ligand elimination in an ALD or CVD process. The Mn, Fe, and Co complexes have strain energies <10 kJ/mol and show no Jahn-Teller distortion.
We now compute the reactivity of the DAD complexes with respect to ligand exchange reactions that are representative of ALD processes. In an actual deposition situation, the relevant exchange reaction would occur at a surface. However, we use a gas-phase model and propose that the computed energetics are a good description of those of the corresponding surface reaction, as long as the electronic state in the gas-phase complex is similar to that of adsorbed M. This is an open question, as adsorption to a surface may change the oxidation state of the metal (see Section II). Details of the method for We use CO as a sample neutral molecule for ligand exchange towards zero-valent metal, and evaluate the energetics of the following gas-phase exchange reaction where 3 ≤ n ≤ 6,
This exchange reaction is moderately exothermic for the V, Cr, Fe, and Ni complexes, yielding 20 to 45 kJ/mol per CO (Table II) , and so we expect these complexes to be reduced most easily to metal films. We suggest that it may be possible to trigger this reaction by physically bombarding the surface with a chemically inert co-reagent, like Ar plasma, or by chemical exchange with another neutral ligand such as benzene. By contrast, the reaction is energetically neutral for Ti, Mn, and Co and energetically unfavored for Cu (+27 kJ/mol per CO). An odd-even effect is thus visible in the M(ii) series, perhaps indicating that reduction is less favored when there is residual spin. However, the spin-pairing picture will probably be different in the M− −M bonding situation of an actual thin film.
In a similar way, we use the dimethylamino ligand (NMe 2 ) (where Me = = CH 3 ) to probe reactivity of the DAD complexes towards amines HNR 2 , and evaluate ∆E of the following exchange reaction where 0 ≤ m ≤ 2 neutral trimethyl amines are used to complete the coordination shell, 56 This gas-phase study has revealed the importance of the magnetic contribution to binding in the transition metal DAD complexes, and hence to structure and reactivity. Expanding the model to compute surface intermediates during the actual ALD process will therefore also require the careful inclusion of spin. Until this is done, conclusions about the ALD mechanism and best choice of co-reagents are speculative. The gas-phase data suggest that displacement of DAD by neutral ligands may be a fruitful approach for ALD of V, Cr, Fe, and Ni, while Brønsted acidic amines may be viable co-reagents for Mn, Fe, Ni, and perhaps Co. Another approach may be to physically displace neutral DAD from the metallic surface, e.g., by Ar plasma, but this would lead to an abbreviated cycle and correspondingly low growth rate, as a surface saturated with Ar atoms cannot be expected to form (i.e., steps 2b and 1a).
V. CONCLUSION
In this paper we have examined various processes for the ALD of metals according to the role played by each reagent in supplying metal cations, supplying electrons, saturating the surface with ligands, and eliminating those ligands. Some of the mechanisms are those proposed through experiment, augmented with computed structures and energetics. Some mechanisms are based on first principles DFT calculations of reaction intermediates and transition states, which yield detailed information about which of the possible mechanistic routes are thermodynamically and kinetically favoured. For model systems of the size and complexity required to describe ALD, the laboriousness of these calculations poses a substantial bottleneck, since automated approaches for transition state searching frequently do not work. Problems also remain with the accuracy of total energies at transition states from Kohn Sham DFT and more accurate approaches that are competitive in terms of CPU time are currently lacking. Nevertheless, enough is known about the mechanism in most cases to suggest a cyclic mechanism, with each precursor reacting at the surface in a self-limiting way because (a) adsorbed co-reagent fragments become exhausted and (b) adsorbed precursor fragments render the substrate inert towards further precursor adsorption. This allows us to see what factors affect how much metal is deposited in each ALD cycle and we find that, in general, the growth rate depends on the saturating coverages of both co-reagent fragments and metal precursor fragments. Adsorption is via metal-metal bonding, which means partial oxidation of the substrate by the precursor. We highlight some cases, termed "abbreviated cycles," where the co-reagent cannot adsorb to the metal surface once precursor fragments are exhausted, which leads to low growth rates-typically 0.07-0.26 Å/cycle depending on metal valence. ALD processes based on H 2 or on zerovalent metal precursors are likely to show such abbreviated cycles.
We present a substantial body of computational work on copper ALD, spanning adsorption, choice of ligand, transmetallation mechanism, and alternative precursors. This includes new data on the potential decomposition of Cu(acac) 2 to copper oxide. Mechanistic information is also presented on metal ALD processes based on ligand-ligand coupling and on reducible oxides, such as those of noble metals. A computational study of the structure and reactivity of transition metal diazadienyl complexes is also presented, whose noninnocent behavior has yet to be fully exploited for metal ALD.
We are thus able to propose a classification of metal ALD processes according to whether the reducing agent is in the metal precursor or in the co-reagent, and whether the electrons come from the metal, ligand, or a non-organometallic reagent ( Figure 9 ). It seems that all possible permutations have been proposed and most of them have been realized experimentally by at least one example. Organizing the concepts of metal ALD in this way may help in understanding the mechanism of existing processes and in designing new ones.
SUPPLEMENTARY MATERIAL
See supplementary material for the methods used and the DAD results.
